Objective To explore a method for estimating the amount of myocardium in jeopardy based on CCTA and derive a comprehensive prediction model for coronary lesions with fractional flow reserve (FFR) value of 0.8 or less. Materials and methods Quantitative features and Myocardial Jeopardy Index (MJI) were measured in 104 coronary arteries of 91 CCTA exams, retrospectively. For 80 left anterior descending (LAD) arteries, the sum of vessel score, diameter stenosis, proximal lesions, apical wrap, long disease, and bifurcation disease were evaluated. The multivariate logistic regression analysis was applied to identify independent predictors for FFR ≤ 0.8. A LAD-Score was then derived to predict the hemodynamic significance of LAD lesions. Results MJI, diameter stenosis and minimum lesion diameter were significant independent predictors for FFR ≤ 0.8 in all 104 vessels at multivariate analysis. The integrated diagnostic accuracy of multi-predictor was increased to 83% from 72% when using stenosis of 70% alone. The area under the receiver operating characteristic curve (AUC) was increased from 0.738 to 0.839 correspondingly. For LAD lesions, the optional cutoff value of stenosis was 62.5%, with a diagnostic accuracy of 71% and AUC of 0.746. Using LAD-Score, the diagnosis accuracy was improved to 84% with AUC of 0.874. Conclusion The MJI, estimated in CCTA, can help to predict the coronary lesion's hemodynamic significance more accurately. The LAD-Score, combining LAD lesion features and the amount of myocardium in jeopardy estimated in CCTA, improves the diagnostic performance assessed using invasive FFR.
Introduction
Cardiovascular disease is the most important cause of death worldwide, of which up to 42% is attributed to coronary artery disease (CAD) [1] . Invasive fractional flow reserve (FFR) is widely accepted as the gold standard to identify the coronary stenosis causing myocardial ischemia, mainly for the intermediate lesions. The FFR measurement is invasively performed under angiographic guidance using a catheterbased pressure transducer. Despite the advantages of FFR to guide decision-making [2, 3] , the use of FFR is still limited because of the additional costs, invasiveness, and the drug administration to induce hyperemia [4] .
The noninvasive coronary computed tomography angiography (CCTA) is recommended as the first step for the assessment of coronary stenosis in patients with low to intermediate CAD risk [5] . To date, the high diagnostic performance of CCTA has been confirmed in several multicenter studies on identifying coronary stenosis compared with invasive coronary angiography (ICA) [6] [7] [8] . The latest dual-source CT model even permits both robust image quality and low radiation dose [9] . However, severe coronary stenosis (more than 50% or 70% stenosis in diameter) does not always correlate well with the myocardial ischemia detected using invasive FFR [10, 11] . The poor correlation between the anatomical stenosis and its functional significance leads to a high negative rate of invasive FFR measurement [12] . Besides stenosis severity, the amount of the myocardium in jeopardy is proved as another important factor that effects the FFR value of coronary lesions [13] . Numerous studies have confirmed that the diagnostic performance could be improved by taking into consideration the information about the amount of myocardium at risk, mostly based on ICA data [14] [15] [16] [17] [18] , in which some different attempts has been used to estimate the myocardial volume perfused by stenotic coronary artery. Myocardial Jeopardy Index (MJI) is primary calculated based on the coronary size and the location in ICA images to estimate the percentage of the left ventricular myocardium subtended to a coronary lesion and has showed a modest correlation to FFR in invasive coronary angiography study [15] . However, no well-established CT prediction model has been developed in practice so far.
As an initial gatekeeper of CAD, CCTA presents as a noninvasive method that can provide both coronary artery stenosis features and distinct myocardial contours. In theory, it is feasible to improve the prediction performance for hemodynamic significance of CCTA by combining coronary and myocardial information. This study aimed to explore a practical prediction model for significant coronary stenosis with FFR value of 0.8 or less by identifying the extent of coronary subtended myocardial territory based on CCTA. This model will help the clinician to select the target patients noninvasively who are more likely to benefit from the invasive FFR measurement during cardiac catheterization.
Materials and methods

Study population
From the electronic patient record system of the hospital, 96 consecutive patients who had undergone both CCTA and invasive FFR measurements within 60 days of each other, between September 2013 and March 2017, were reviewed. Five patients were excluded, because of nondiagnostic coronary CTA quality (1/5), partially unavailable imaging data (2/5), and restenosis of stents (2/5). Finally, 91 patients were included in the study to assess 104 vessels with invasive FFR measurements. The study was approved by the Institutional Review Board of the hospital. Informed consent of the patients was waived based on the retrospective observational study design.
Coronary CT angiography
The CCTA examinations were performed on a secondgeneration dual-source 128-slice CT scanner (SOMATOM Definition Flash, Siemens Medical Solutions, Forchheim, Germany). Sublingual nitroglycerin was routinely given, and beta-blockers were administrated in patients with heart rate higher than 70 bpm. Prospectively ECG-triggered axial acquisition, retrospectively, ECG-gated spiral acquisition, and prospectively ECG-triggered high-spiral acquisition were applied in 91 patients, according to their heart rate and rhythm. The tube voltage and tube current were set based on the body mass index (BMI) of the patients: 
Lesion analysis
CCTA images were transferred to advanced post-processing software (syngo.via, VB10, Siemens Medical Solutions, Forchheim, Germany) to perform quantitative lesion analysis. The analysis was performed in coronary arteries with a diameter of > 1.5 mm by two radiologists with 13-and 5-year experience in CCTA interpretation, respectively. Both radiologists were informed of the target vessels, but were blinded to the results of ICA and invasive FFR. They performed the measurements together and got the results in consensus.
Anatomical feature measurement using CCTA
Quantitative features included minimal lumen diameter (MLD), minimal lumen area (MLA), and lesion length (LL). The reference diameter and area were defined as the average of the measurements at immediately proximal and distal point of the lesion where no plaque was detected. In ostial lesions, only distal reference was measured. The diameter of stenosis (DS%) was defined as 100 × (reference diameter − minimal lumen diameter)/reference diameter. Similarly, the area of stenosis (AS %) was defined as 100 × (reference lumen − minimal lumen area)/reference lumen. Plaque load (PL) was defined as 100 × (outer vessel area − lumen area)/ outer vessel area and remodeling index (RI) as 100% × outer vessel area (stenotic segment)/outer vessel area (reference segment) [14] .
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Estimation of the amount of the myocardium at risk: myocardial jeopardy index (MJI)
A score of 1-3 was assigned to all visible coronary arteries in CCTA images, including the left anterior descending artery (LAD), the left circumflex (LCX), the right coronary artery (RCA), the ramus, the diagonal artery (D), the obtuse marginal (OM), the posterior descending artery (PDA), and the posterolateral artery (PLA). In visual assessment, a score of three represented a large artery with a length of greater than two-thirds of the distance between the cardiac base and the apex. A small vessel less than one-third the distance was assigned a score of 1 ( Fig. 1a-c) . The total score of septal branches were 3. The MJI was obtained by dividing the sum of vessel scores distal to the target lesion by the overall sum of all vessel scores. For example, in Fig. 1 , the target lesion was in proximal segment of LAD. The score distal to it was Six. The sum of all vessel scores was 25. The MJI of the target lesion was 6/25. It was performed by the same radiologists, who quantitatively assessed the CCTA images and defined the index by consensus.
For LAD lesion, subjective CCTA lesion feature parameters were evaluated as following: (a) the sum of vessel scores distal to the target lesion (SUM-tar); (b) stenosis in diameter using visual assessment (DS%-vis); (c) proximal lesions, considered as presented proximal to the first major diagonal or septal branch in the LAD; (d) apical wrap, defined as one LAD that terminated more than one-third of the way on the diaphragmatic surface; (e) long disease, defined as a segment of > 2 cm with one or multiple lesions; (f) bifurcation disease, involving an ostium or bifurcation [15] .
Invasive coronary angiography and fractional flow reserve measurement
Following the informed consent, invasive coronary angiography was performed through the radial or femoral access. Invasive FFR measurements were performed to guide decision of revascularization, after inducing the maximum hyperemia by intravenous injection of adenosine at 140 μg/ kg/min. Intracoronary glyceryl trinitrate (100 μg) was administered to minimize vasospasm. FFR value of ≤ 0.80 was defined as hemodynamically significant in need of revascularization.
Statistical analysis
Descriptive analysis was performed using mean ± SD for continuous variables in all target vessels. Counts and percentages were used for categorical variables of LAD lesionspecific characteristics. To identify significant predictors of FFR of ≤ 0.8 in all vessels, univariate analyses were performed using seven continuous variables measured quantitatively. Subsequently all significant variables were included in stepwise multivariate logistic regression analysis and LASSO regression. Akaike information criterion was used to select the optimal significant parameters of the multivariate logistic model. A simplified scoring system for LAD (LAD-Score) was then derived for predicting FFR ≤ 0.8. It was based on the calculated odds ratio (OR) of selected significant predictors at multivariate analysis in LAD subgroup.
The area under the curve (AUC) was determined using a receiver operator characteristic (ROC) curve with 95% confident interval (CI) to detect FFR of ≤ 0.8 from univariate and multivariate analyses. The Youden index was used as criterion to identify the optimal cutoff point of the scoring Fig. 1 Example of MJI score showed in CCTA volume rendering (VR) images. a The RCA has one marginal artery, but not included. PDA and PLA are two points separately with middle size. b The LAD has one long diagonal arteries with three points. c The LCX is strong with two long obtuse marginal arteries, nine points together. The overall sum score is 25, including three points for septal branches.
The sum score of arteries distal to the LAD lesion is nine points. CCTA coronary computed tomography angiography, LAD left anterior descending artery, LCX left circumflex, MJI Myocardial Jeopardy Index, PDA posterior descending artery, PLA posterolateral artery, RCA right coronary artery scheme to determine sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) with 95% CI p ≤ 0.05 was considered to be statistically significant.
All analyses were performed using R software, version 3.3.2. A subgroup analysis was performed in patients with LAD lesions to identify independent predictors of flow limitation (FFR ≤ 0.8). Table 1 shows the general information of the study patients. The average age of the 91 patients was 61 years, in which there were 23 female patients with an average age of 62 years. The interval time between the CCTA and FFR was 0-60 days, with an average of 15 ± 13.38 days and a median of 10 days.
Results
The overall average effective radiation dose of CCTA was 3.88 ± 2.4 mSv. A total of 54 patients were scanned with prospectively ECG-triggered sequence model with estimated effective dose of 3.06 ± 0.88 mSv, and 27 patients were scanned in the retrospectively ECG-gated spiral model with a dose of 6.03 ± 2.87 mSv. The remaining 10 patients got their coronary images in the prospectively ECG-triggered high-spiral model with a dose of 0.95 ± 0.34 mSv.
Among the 104 coronary arteries, 33 vessels (31.73%) were identified as hemodynamically significant with FFR of ≤ 0.8. And in these 104 vessels, 80 (76.92%) LAD were found, in which four vessels were accompanied with left main (LM) lesions (< 50% stenosis). Other vessels consisted of 10 RCA, 10 LCX, 3 diagonal arteries, and 1 OM.
Quantitative CCTA lesion analysis for 104 coronary arteries
The results of univariate and multivariate analyses for predictors of FFR ≤ 0.8 are presented in Table 2 . According to the univariate analysis, the MJI, plaque load, DS%, lesion length, MLD, and MLA were all significant predictors of FFR of ≤ 0.8 (P ≤ 0.050). The DS% of the vessels ranged from 35 to 90%, with an average of 60.1 ± 11.1%. When DS% of ≥ 70% was used to diagnose the significance of FFR, the sensitivity, specificity, PPV, and NPV were 50% (95% CI 32-68%), 83% (95% CI 74-91%), 59% (95% CI 44-74%), and 77% (95% CI 71-84%), respectively. The diagnostic accuracy was 72% (95% CI 63-80%), with the AUC of 0.738 (95% CI 0.632-0.839). According to the stepwise multivariate logistic regression, the MJI, DS%, and MLD remained the significant predictors based on the Akaike information criterion (AIC) ( Table 2 ). Considering 0.3638 the cut-off value, the multivariate logistic regression model (Fig. 2) , showed good diagnostic performance for predicting FFR of ≤ 0.8, with overall accuracy, sensitivity, specificity, PPV, and NPV of 83% (95% CI 75-89%), 79% (95% CI 65-91%), 85% (95% CI 76-93%), 71% (95% CI 60-83%), and 90% (95% CI 83-95%), respectively with the AUC of 0.839 (95% CI 0.742-0.921).
Subjective CCTA lesion character analysis for 80 LADs
Manual stepwise screening and LASSO regression were used to select the optimal predictors in multivariate regression analysis. Both methods verified that the SUM-tar, DS%vis, Long disease, and bifurcation disease were independent predictors of FFR of ≤ 0.8 (P ≤ 0.05) for LAD ( Table 3 ). The DS% of the LAD ranged from 35 to 80%, with an average of 58.9 ± 10.2%. According to the ROC curve, a Youden optimal cutoff value was identified as 62.5% and 6.5 for DS%-vis and SUM-tar, respectively. When using DS%-vis of ≥ 62.5% to diagnose FFR significance, the sensitivity, specificity, PPV, and NPV were 62% (95% CI 45-79%), 76% (95% CI 65-88%), 60% (95% CI 47-74%), and 78% (95% CI 70-87%), respectively. The diagnostic accuracy was 71% (95% CI 61-81%), with the AUC of 0.746 (95% CI 0.627-0.848). With multivariate logistic regression model using the four independent predictors, the integrated diagnostic performance was sensitivity of 76% (95% CI 59-90%), specificity of 84% (95% CI 75-92%), PPV of 74% (95% CI 61-86%), and NPV of 86% (95% CI 78-94%). The integrated diagnostic accuracy was 81% (95% CI 73-89%), with the AUC of 0.863 (95% CI 0.767-0.934) ( Fig. 3) .
Results of multivariate analysis demonstrated that SUMtar, DS%-vis, Long disease, and bifurcation disease were independent predictors of FFR of ≤ 0.8 (P ≤ 0.05) for LAD. The LAD-Score was then derived based on the OR of the four independent predictors in multivariate logistic regression model (Table 4 ). For example, if long disease was diagnosed in the LAD, 5 points would added to the LAD-Score Fig. 2 The multivariate logistic prediction model showed high accuracy to predict the invasive FFR {AUC of 0.839 [95% CI (0.742-0.921)]} which was better than that of DS % (AUC of 0.738 (95% CI [0.632-0.839]), difference: 0.101 SD 0.025, p = 0.014) considering its OR was 10.11 at multivariate analysis. If SUM-tar was greater than the best cut-off value (6.5 ≈ 7) at ROC analysis, 5 points would be assigned. Otherwise, 0 point was assigned for SUM-tar. A bigger value of LAD-Score means bigger risk of significant stenosis, i.e., bigger probability of FFR ≤ 0.8. In result, using the cutoff value of 13.5, the diagnostic performance of the LAD-Score showed that the sensitivity, specificity, PPV, and NPV are 79% (95% CI 66-93%), 86% (95% CI 76-94%), 77% (95% CI 65-90%), and 88 (95% CI 81-96%), respectively. The diagnostic accuracy is 84% (95% CI 76-91%). This diagnostic performance was increased slightly compared to the simply integrated parameters with an AUC of 0.874 (95% CI 0.784-0.945) ( Fig. 3) . For 50 vessels with an LAD-Score of < 14, the probability of FFR significance is 12%. The probability of flow limitation is 58.33% for a LAD-Score of 14-16 in 12 vessels. The FFR positive rate is 88.89% for LAD-Score of 17-25 in 18 vessels (Fig. 4 ).
Discussion
In this study, only 33 vessels (31.73%) had hemodynamically relevant stenosis confirmed by invasive FFR measurements. It was in the range of the FFR positive percentage (28-44%) in recent reported studies based on CCTA and ICA [14] [15] [16] [17] [18] [19] , i.e., about two-thirds of FFR measurements finally have negative results. It is mainly contributed to the low sensitivity and PPV with 50% and 59%, respectively, when DS% of ≥ 70% was used as a cutoff value alone. While adding MJI and MLD, the integrated sensitivity and PPV were increased to 79% and 71%, with a NPV of 90%. As found in the present results, the OR of MJI was 1.12, almost the same as DS% (1.11). This outcome demonstrates the Fig. 3 In 80 LAD, the multivariate logistic model showed high accuracy to predict the invasive FFR {AUC of 0.863 [95% CI (0.767-0.934)]} which was better than that of DS%-vis alone {AUC of 0.746 [95% CI (0.627-0.848)], difference: 0.117 SD 0.020, p = 0.044). The LAD-Score derived from multivariate model showed higher accuracy to predict the invasive FFR {AUC 0.874 [95% CI (0.784-0.945)]} which was better than that of using stenosis rate (difference: 0.128 SD 0.023, P = 0.019) importance of the myocardium subtended to the coronary lesion when predicting the FFR ≤ 0.8. During stepwise multivariate logistic regression, most characteristic parameters were screened out according to AIC criterion. Only DS% and MLD were included in the final model. It presumably results from the confounding effect of these parameters. In overall 104 vessels, the integrated diagnostic performance was improved but seemingly unsatisfied with an increase of 13.69%. A total of 24 non-LAD vessels were found, including ten RCAs, ten LCXs, three diagonal arteries, and one OM. These coronary arteries supply much less to the left ventricular myocardium than LAD. The DS% of the 24 non-LAD arteries was 63.5 ± 13.5%, which is higher than the 58.9 ± 10.2% of LAD. But FFR positive rate was 20.8% (5/24) for non-LAD, which is much lower than 35% (28/80) for LAD. Furthermore, FFR was mostly measured in LAD lesions (80/104). Therefore, the subgroup analysis of LAD was performed in the present study.
In the subgroup of the 80 LAD, the DS%-vis cutoff value was 62.5% for an FFR of ≤ 0.8 determined using the ROC curve. The result is almost the same as the 62.2% in a study of 853 LAD based on ICA [16] . It is inferred again that DS = 70% is not the best cutoff value for LAD diagnosing the hemodynamically significant lesion. Because LAD and its branches perfuse a majority of the myocardium in the left ventricle, the amount of myocardium in jeopardy plays an important role in FFR prediction. The related parameters include MJI, SUM-tar, proximal lesion, and LAD apical wrap measured in this study. After feature selection, only SUM-tar was kept as significantly related to the FFR prediction, with the same OR to the DS%-vis. SUM-tar is available easily and directly describes the number and length of the coronary arteries distal to the LAD lesion. Although the MJI was confirmed as a significant predictor in all 104 vessels, just as reported by published papers [16, 20] , it was excluded from the prediction model in the LAD subgroup analysis. Probably, when divided by the total vessel scores, the prediction effect of MJI is weakened. The proximal lesion and LAD apical wrap were also proved as related predictors, but with a p value of 0.773 and 0.231. Therefore, they were excluded from further multivariate regression. On one hand, this result shows that the number and length of LAD and its branches distal to LAD lesion are more related to FFR than the length of LAD alone assessed by LAD apical wrap. On the other hand, the proximal and middle segment of LAD is a predilection site of coronary atherosclerosis. With varied origin of the first diagonal artery, the prediction value may show unstable in different samples.
The long lesion is significant in LAD subgroup analysis. However, the lesion length was excluded statistically in the analysis of all 104 vessels. It may attribute to the disturbance of the non-LAD lesions with relatively severe stenosis. It was testified that the long lesion and tandem lesion are related to the FFR [21] . In clinical practice, it is not easy to strictly distinguish the two kinds of pattern of lesions. Undoubtedly, both patterns lead to luminal pressure decreasing remarkably in proximal and middle LAD.
In this study, a user-friendly LAD-Score was introduced to increase the accuracy of CCTA in predicting functionally significant LAD stenosis. Using the optimal cutoff value of 13.5, the diagnostic performance was improved with AUC increased from 0.746 to 0.874. When analyzing the LAD-Score distribution of 80 lesions, a "gray zone" was identified with a score of 14-16 in 12/80 vessels. In this "gray zone", with a 58.33% flow limitation, the additional invasive FFR evaluation is necessary for decision-making. Despite not being a substitute of FFR measurement, the LAD-Score would help clinician to screen out the coronary lesions benefiting from invasive FFR mostly.
The diagnosis accuracy of this study is comparable to that of noninvasive FFR measured from CCTA (CTA-FFR) [18, 19] , a new technique based on computational fluid dynamics. However, CTA-FFR is not available easily for needing specific software and expensive cost. Furthermore, CTA-FFR measurement usually requires 30-120 min, mostly for generating 3D coronary model [18] . All the above limitations compromise its clinical use.
At last, some limitations of this study should be mentioned. Because of the retrospective design, the selection bias may have occurred because FFR measurements were performed depending on the operator's judgments. In spite of collecting from 2013, only 91 patients with 104 vessels were eligible in the study. Subsequently, it is impossible to divide these patients to derivative group and verified group.
So the results should be tested in future studies. Moreover, only 24 non-LAD vessels were found in total. No separate statistics was carried out for RCA, LCX, D, and OM. For the innate difference of the supplied myocardium, the results from LAD should not be applied to the lesions of these coronary arteries. Additionally, owing to limited spatial and temporal resolution of multi-detector CT, the information of collateral circulation is absent so far. It presumably leads to a relative unsatisfied diagnostic performance, as collateral circulation has been confirmed as an important factor in FFR evaluation.
Conclusion
The simplified LAD-Score system, a combination of lesion features and the amount of myocardium in jeopardy showed in CCTA, improves the prediction performance for myocardial ischemia assessed with FFR of ≤ 0.8 in LAD arteries, which are most commonly involved in CAD.
